In this paper, a new approach to enhance power system security has been suggested by optimal placement of UPFC based on sensitivity indices. The sensitivity indices have been obtained, using ac power flow method, in terms of change in line real power flow Performance Index (PI) with respect to the change in the UPFC parameters viz., injected voltage magnitude and phase angle. In order to validate the accuracy of the proposed method, an Optimal Power Flow (OPF) formulation has been used to measure the security in terms of minimum PI values, with placement of UPFC based on the proposed sensitivity factors. The results have also been compared with existing dc power flow based method on IEEE 30-bus and practical NREB 246-bus Indian systems. Test results obtained on the two systems show that the new sensitivity factors could be effectively used for the optimal placement of UPFC in order to enhance the static security of the power system.
Introduction
In emerging electric power systems, increased transactions may often lead to the situations where the systems no longer remain in the secure operating region. The security [18, 19] of a power system can be defined as its ability to withstand a set of severe, but credible, contingencies and being in an acceptable new steady state condition. Various factors, such as environmental, right-of-way and high installation cost, limit the expansion of the transmission networks. Utilities try to maximize the utilization of the existing transmission asset that may, sometimes, lead to insecure operation of the system. Increased loading in power systems, combined with deregulation of the power industry, motivates the use of Flexible AC Transmission Systems (FACTS) controllers [1] [2] [3] , such as Thyristor Controlled Series Compensator (TCSC), Thyristor Controlled Phase Angle Regulator (TCPAR) and Unified Power Flow Controller (UPFC), for power flow control as a cost-effective means of dispatching specified power transactions and maintaining system's security. However, due to the high cost of these controllers, it is necessary to locate them optimally in the network.
The line real power flow Performance Index (PI) is a good measure to the power system security for especially to avoid the equipment outage related contingency. By continuously monitoring the Performance Index (PI), the level and appropriate control actions could be predicted to maintain the system remains operable subjected to post disturbances or outages. There are few work reported in literatures which suggested different methodology for enhancement of power system security by FACTS controllers. However, most of method used many assumptions like dc power flow to find out the location of FACTS controllers and security measures, which are less accurately represented.
Reference [5] , deals with the optimal location of TCSC and [7] has presented a method of optimal location of UPFC in view of enhancing the security. These work used dc power flow approximation model and, hence, less accurate and also did not suggest a method to determine the optimal settings of these controllers. Momoh et al. [6] suggested the use of phase shifter for security enhancement and obtained its parameters using Optimal Power Flow (OPF) formulation. Yorino et al. [9] proposed a new formulation for reactive power planning problem including the allocation of FACTS devices, but the results have been demonstrated on very small system. In [10] , two objective functions have been considered, viz. maximization of system security and minimization of investment cost of FACTS devices, for their optimal placement. The effectiveness of the method was tested only on IEEE 14-bus system. Three heuristic methods, viz. Genetic Algorithm, Tabu Search and Simulated Annealing, have been applied in [11] for optimal location of the FACTS devices.
In this paper, indices, based on ac power flow, representing sensitivity of a line real power flow Performance Index (PI) with respect to UPFC series control parameters has been proposed for its optimal location in view of enhancing the system security under different operating conditions. The proposed sensitivity factors have been derived considering the impact of change in the system loading on bus voltages and angles. The effectiveness of the proposed method has been demonstrated on IEEE 30-bus and practical 246-bus Indian system utilizing an optimal power flow model that minimizes the line flow PI value. The results have been compared with an existing approach utilizing dc power flow approximation [15] .
Static Model of UPFC
The Unified Power Flow Controller (UPFC) [1, 2, 7, 12] can be viewed as a combination of Static Synchronous Compensator (STATCOM) and a Static Synchronous Series Compensator (SSSC). Both the compensators are coupled via a common dc-link, which allows bi-directional flow of real power between the series output terminals of the SSSC and the shunt output terminals of the STATCOM. The conventional UPFC consisting of two converters is capable of simultaneously controlling three power system quantities, i.e. the bus voltage at substation, real and reactive power flows in a line. UPFC has three controllable parameters, namely the magnitude and the angle of inserted voltage (V s ,  s ) and the magnitude of the shunt current (I q ). The real component (I T ) of the shunt current is in phase and current component (I q ) is in quadrature with the voltage at bus-i. In this work, I q was taken as zero because having less effect on real power flow control. The equivalent circuit of the UPFC placed in line-k, connected between bus-i and bus-j having series impedance r ij +jx ij (=1/(g ij +jb ij )), is shown in Fig. 1 and a power injection model of UPFC is shown in Fig. 2 . 
Similarly, the real (P ju ) and reactive (Q ju ) power injections, by UPFC only, at bus-j can be derived as
Bus-i Bus-j Line P iu +jQ iu P ju +jQ ju y ij = g ij +jb ij Figure 2 . Power injection model of UPFC
Methodology Development for Optimal Placement of UPFC
The relative severity of the system loading under normal and contingency cases, using line real power flow Performance Index (PI) [14] , can be written as 
where, P m is the real power flow and P m max is the rated capacity of line-m, a is an exponent and w m is a real nonnegative weighting coefficient, which may be used to reflect the relative importance of the lines. In this work, w m has been taken as 1.0 for all the lines. N l is the total line number in power network system.
PI Sensitivity using dc Power Flow Approximation
The control parameters of the UPFC, considered in this work, are the magnitude and angle of the series injected voltage, V s and  s , respectively. The PI sensitivity factors with respect to the control parameters of the UPFC can be defined as
=PI Sensitivity with respect to 
For deriving the PI sensitivity terms using dc power flow approximation, the value of 'a' in equation (5) has been taken as 2. Using equations (6) and (7), the sensitivity of PI with respect to the UPFC series parameters, in k th line, X k (V s and  s ), can be written as
The real power flow (P m ), in a line-m, can be represented in terms of bus real power injections using dc power flow equations, as 
where, S mn is the mn th element of sensitivity matrix [S], which relates line flow with power injections at the buses without placement of UPFC [7] , N b is the number of buses in the system and s is the slack bus. Assume that the line-k, between bus-i and bus-j, is the line containing the UPFC. The effect of UPFC can be represented as additional power injections at bus-i and bus-j, as shown in Fig. 2 .
Using equations (8) and (9), the following relationship can be derived,
The terms (1) and (3), with respect to the UPFC's series parameters.
Proposed PI Sensitivity Factors using ac Power Flow Approximation
The real power mismatch (P is ) and reactive power mismatch (Q is ) at any bus-i can be expressed in terms of voltage magnitudes (V), voltage angles () and elements of bus admittance matrix (Y) as
where, P Gi , Q Gi are the real and reactive power generations, respectively, at bus-i. P iu and Q iu are the injections, given by equations (1) - (4), at bus-i due to the UPFC. P Di and Q Di are the base case real and reactive power demands, respectively, at the bus-i.
Equations (11) and (12) 
From Taylor's series expansion, equation (13) can be written as,
where, variables written in bold face are the vector quantities and The derivatives corresponding to the slack bus is not included in the above derivation and shunt current I q has been taken as zero. The size of matrices [J] and
, respectively. In equation (14) , the change in loading has been assumed to be met by the slack bus generator, which can be rewritten as,
The line real power flow (P m ) can be represented in terms of voltage magnitudes, voltage angles and UPFC parameters as,
Using the Taylor's series expansion, equation (16) can be expressed as,
From equations (15) and (17), the following relationship can be obtained.
where
For deriving the PI sensitivity terms using ac power flow approximation, the value of 'a' and 'w m ' in equation (5) 
The sensitivities of real power flow Performance Index (PI) with respect to UPFC's series parameters (voltage magnitude and phase injection) have been calculated by both dc and ac power flow approximation. The following criteria have been used for optimal placement of an UPFC, in the system.  The branches having transformers are not considered for the UPFC placement. 
Methodology to Assess the Impact of Optimal UPFC Placement
The effectiveness of the proposed PI sensitivity factor based approach for UPFC placement has been verified in terms of reduction in the line flow Performance Index (PI) values. For this purpose, an Optimal Power Flow (OPF) formulation with line real flow (P m ) as control variable, as described below, has been used. The above OPF problem involves a nonlinear objective function and a set of nonlinear equality and inequality constraints. This problem can be solved by any nonlinear optimization procedure. In this work, optimization software called Generalized Algebraic Modeling of System (GAMS) [17] has been used to obtain the optimal solution.
System Studies
The proposed line flow PI sensitivity method, derived based on dc power flow as well as ac power flow approximations, for optimal location of UPFC has been tested on IEEE 30-bus [13] and NREB 246-bus Indian [16] systems. Fig. 3 shows 400 kV and higher voltage network and the geographical locations of the NREB system covering nine states of India. The results of the system studies are given in following subsections. 
Line outage Contingency Ranking
To obtain the critical contingencies (line outages) in the IEEE 30-bus system and 246-bus NREB system, the PI values, as defined in equation (5), are computed for each of the single-line outage (N-1 contingency) cases. For both the systems, five most critical lines are listed in Table 1 . Contingencies, for which feasible ac load flow solutions have not been obtained, are not included in this list. For the base case, the PI value obtained from the ac power flow solution for the IEEE 30-bus and NREB 246-bus systems are found to be 0.4142 and 5.4391, respectively. Table 2 . First column shows the priority number, columns 2 and 3 show the PI sensitivities with respect to the UPFC parameters based upon dc and ac power flow approximations, respectively. Table 3 shows the optimal PI values obtained after optimal placement of the UPFC in few lines having high value of the PI sensitivity factors (C 1 k ). Optimal values of the PIs, given in the 4 th column, are when only series injected voltage magnitude of the UPFC is varied and those given in the 5 th column are when both the magnitude and phase angle of the injected voltage by UPFC are varied in the corresponding lines. From Table 3 , it can be seen that the line-12 is the best location for optimal placement of UPFC in the 30-bus system. Table 4 shows the optimal PI values after placing the UPFC in the respective lines, one at a time, selected based on the PI sensitivity factors C Tables  2, 3 and 4, the best location for the UPFC placement, in the IEEE 30-bus system, is found to be line-12, as the optimal PI value is minimum in most of the cases with the UPFC placement in this line. It can be seen that the best locations for the UPFC placement based on the optimal PI values ( Table 4 , column 5) are lines-12, 33, 11, 14, 7 and 6 in the rank order. However, the ranking order obtained from the sensitivity factors (C 2 k ) are lines-12, 33, 11, 7, 14, and 6, which are almost similar, but not the same.
The rank order of line provided by the PI sensitivity factors (F 1 k , F 2 k ) obtained using ac power flow approximation, as shown in Table 2 , for the optimal locations of UPFC are the lines-12, 33, 11, 14, 7, and 6, respectively. This order is exactly same as verified through the optimal value of the PI obtained after placement of the UPFC in these lines. This confirms the validity of the proposed PI sensitivity factors, based on ac power flow approximation, for the UPFC placement (Table 4) . It can also be seen from Table 2 that the PI sensitivity factors with respect to the injected voltage phase angle provide more accurate result for optimal UPFC location in order to improve system security, as reflected by the optimal PI values.
Optimal Placement of UPFC in NREB 246-bus System and study its Impact on System Security
The PI sensitivities, based on the dc & ac power flow method, have also been computed for the 246-bus system, as defined in equations (6)- (7) and (22)- (23), which are listed in Table 5 . Table 6 shows the optimal PI values, obtained after optimal placement of the UPFC in few lines, having high value of the PI sensitivity factors (C 1 k ). Optimal values of the PIs, given in the 4 th column, are when only series injected voltage of UPFC is varied and those given in the 5 th column are when both the magnitude and the phase angle of the injected voltage by the UPFC are varied in the corresponding lines. From Table 6 , it can be seen that the line-213 is the best location for the optimal placement of the UPFC in the 246-bus system. Table 7 shows the optimal PI values after placing the UPFC in the respective lines, one at a time selected based on the PI sensitivity factors C Tables 5, 6 and 7, the best location for the UPFC placement, in the 246-bus system, is found to be line-213, as the optimal PI value is minimum in most of the cases with the UPFC placement in this line. The PI sensitivity factors, obtained using ac power flow approximation, are also shown in Table 5 , gives the rank order for the optimal locations of UPFC as lines-213, 218, 198, 206, 205, 197, and 193 . This order is exactly same as verified through the optimal value of the PI, obtained after placement of UPFC in these lines. This confirms the validity of the proposed PI sensitivity based factors for the UPFC placement (Table 5) . It can also be seen, from Table 5 , that the PI sensitivity factors with respect to the injected voltage phase angle provides more accurate results for optimal location of the UPFC in order to improve system security, as reflected by the optimal PI values.
UPFC Placement based on PI Sensitivity Factors at increased Loading Condition
This case was simulated by increasing the loads at all the buses by 5% from their base case values in the 30-bus system. Table 8 shows the optimal location of UPFC based on the PI sensitivity factors obtained from dc & ac power flow approximations. The impact of the optimal placement of UPFC on PI value is given in Table 9 , with the 5% increase in loading. The PI value was found to be 0.5012, when there was no UPFC in the system. From Table 8 , it is found that the line-12 is the most sensitive line for the placement of UPFC in the case of the increased loading case as well. The PI value improves from 0.5012, without UPFC, to 0.3669, with UPFC placed in line-12. Table 10 shows the sensitivity factors with increased loading in the 246-bus system using dc power flow approximation. It is found that the rank order of lines for optimal location of UPFC is the same as obtained through optimal PI values after placement of UPFC in these lines as shown in Table 9 for both series voltage and phase angle variations. Similarly, Tables 10 and 11 show the optimal location of UPFC, based on dc and ac power flow approximations, respectively, and its impact after placing them in corresponding lines, one at a time, for 0.5% load increase condition in 246-bus system. The base case condition of this system is already simulated at a peak load condition. Hence, only 0.5% load increase has been considered. The optimal PI value was obtained as 5.2181, when there was no UPFC in the system. From Table 10 & 11, it is found that the line-213 is the most sensitive for the optimal placement of UPFC in the increased loading case as well. The PI value has improved from 5.2181, without UPFC, to 5.0961, with UPFC placed in line-213. 
Impact of Contingencies on Optimal UPFC Location and System Security
To show the effectiveness of the proposed method under contingencies, the sensitivity factors and optimal PI values were also computed for different line outage cases (Table  1) , which are shown in Tables 12 and 13 for the 30-bus and 246-bus systems, respectively. First column shows the line considered for outage and the second column shows the PI values at outage of the corresponding lines without placement of UPFC. In Tables 12 and 13 , the column three presents the sensitivity factors (C 2 k & F 2 k ) along with corresponding optimal PI values for the few lines in priority order after outage of critical lines, as listed in the first column. Only the sensitivity factors C 2 k and F 2 k with respect to the change in series injected voltage phase angle by the UPFC have been considered, as it provided better results in the base case. Due to the outage of lines, the most optimal locations of the UPFC changed. From Table 12 , the line-11 is found to be the most suitable location for the optimal placement of the UPFC in view of security enhancement during outage of the lines-12, 33 and 5 in the IEEE 30-bus system. From Table 13 , the line-213 is found to be the most suitable location for the optimal placement of the UPFC in view of security enhancement during outage of the lines-223, 355 and 206 in the 246-bus system. ac power flow, provided more accurate location of the UPFC as compared to that obtained from the dc power flow based PI sensitivity factors method. The placement of the UPFC in a line, obtained from the proposed factors, has resulted in maximum reduction in the line real power flow performance index (PI) values. The optimal placements do not change for increase in system loading. However, the locations differ under critical contingency conditions. Moreover, sensitivities calculated using dc power flow method provides relatively less accurate location of the UPFC in the NREB 246-bus system.
Conclusions
Line loading security Performance Index (PI) sensitivity factors have been suggested in this work for optimal placement of UPFC for enhancing the security of the power system. The PI sensitivity factors have been obtained with respect to change in two of the UPFC parameters viz., magnitude and phase angle of the injected voltage in the lines. An Optimal Power Flow (OPF) formulation has been suggested to determine the optimal PI values, another way called as security measure, after placement of UPFC based on the proposed sensitivity factors, in order to validate accuracy of the method. Both ac and dc power flow approximations have been used to define the sensitivity factors and their results have been compared on IEEE 30-bus and NREB 246-bus systems. The impact of the UPFC placement on the security enhancement of the power system has been established, in terms of optimal PI values along with the optimal control settings of the UPFC, for system intact and few critical contingency cases.
